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a  b  s  t  r  a  c  t
Titania  nanotube  arrays  have  attracted  signiﬁcant  scientiﬁc  interests  due  to  the  interrelation  of  material
functional  properties  with  a  controllable  nanostructure.  Superior  properties  of  well-aligned  TiO2 nano-
tube  arrays,  such  as vectorial  pathway  of  e− transport,  suppressed  e− recombination,  high  reaction  site
and  enhanced  light  scattering  render  them  as  the  most  promising  candidate  for solar  harvesting  applica-
tions.  Photoelectrochemical  cells  (PECs)  and  dye-sensitized  solar  cells  (DSSCs)  based  on TiO2 photoanodes
have  attracted  great  interests  due  to their  outstanding  potential  to  convert  solar  energy  into  clean and
renewable  energy.  Performance  of  PECs  and  DSSCs  is greatly  determined  by the  structural  morphology
of  nanotube  arrays.  In  this  contribution,  the  fabrication,  properties  and  energy-related  applications  of
TiO2 nanotube  arrays  have  been  reviewed  by  focusing  on  synthesis  by anodization  in  ﬂuoride-containingisible-light absorption
hotoelectrochemical cell
ye-sensitized solar cell
electrolyte. The  effect  of  anodization  process  parameters,  such  as  applied  potential,  pH, exposure  time,
electrolyte  type  and  composition  on  structural  morphologies  of  TiO2 nanotube  arrays  has been compre-
hensively  discussed.  Several  strategies  for  the  electronic  structure  modiﬁcation  of TiO2 nanotube  arrays  to
efﬁciently harvest  visible-light  irradiation,  including  noble  metal  loading,  metal  doping,  nonmetal  doping,
semiconductor  composite  and  sensitization  have  also  been  reviewed.
© 2013  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. All  rights  reserved.
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. Nanotechnology and renewable energy
Nowadays, issues related to global warming have led to
nprecedented weather disasters throughout the world. The com-
ustion of fossil fuel from human daily activities, i.e.,  transportation
nd manufacturing industry with signiﬁcant energy consumption
ncrement has led to global warming due to the release of green-
ouse gases, such as, carbon dioxide (CO2), methane (CH4), nitrous
xide (N2O) and ﬂuorinated gases into atmosphere. Fig. 1 shows the
tatistic data of fossil fuel consumption and CO2 emission reported
y British Petroleum (BP) [1]. The fossil fuel consumption has been
ncreasing annually and the overall consumptions are estimated
pproximately eight times higher than alternative energy sources,
.e., nuclear- and hydro-energy.
Over the last decades, abundant and renewable energy
esources such as geothermal, solar and wind have drawn consider-
ble attention as alternatives for inexhaustible and clean “GREEN”
nergy. However, the utilization of these resources is signiﬁcantly
ower than fossil fuel as shown in Fig. 2. Solar energy, having radi-
nt light and heat from the Sun, is the most abundant clean energy
ource available. The solar energy which strikes the Earth in 1 h is
elatively higher than the energy consumed by human population
n an entire year [2]. Hence, extensive research and development of
aterials that can efﬁciently convert the harvested solar irradiation
nto clean and renewable energy are essential.
Photocatalysis utilizing solar energy to activate chemical reac-
ions, such as, oxidation and reduction is a sustainable method
or solving energy and environmental related issues [3,4]. Photo-
lectrochemical cell; PEC for water splitting [5] and dye-sensitized
olar cell; DSSC [6] appear as potential technologies to convert
olar energy into hydrogen (H2) fuel and electricity, respectively.
everal types of photocatalysts, such as TiO2, ZnO, Fe2O3, ZrO2,
2O5, Nb2O5 and WO3 have been used in PECs and DSSCs. Among
P
r
n
d
Fig. 1. Statistic data of global energy consumption and CO2 emission during 1990990–2011 – plotted from statistic data from BP [1]. Reprinted with permission.
hem, TiO2 is one of the most promising candidates because of its
uperior properties, such as, light absorption capabilities, chemi-
al inertness and stability [7–9]. However, the major obstacles for
chieving high efﬁciency TiO2 for PECs and DSSCs are the poor
isible-light absorption and quick recombination of charge carriers
10,11]. To bring PECs and DSSCs to the point of commercialization
nd viability in terms of performance and cost, substantial research
n the development of TiO2 has become a major topic of current
esearch. Therefore, this review elaborate on the fabrication, crys-
allization and application of anodized TiO2 nanotube arrays for
ECs and DSSCs. Modiﬁcation strategies to induce the visible-light
esponse of TiO are subsequently addressed. The utilization of TiO2 2
anotube arrays in energy-related applications is then thoroughly
iscussed as well.
–2011 – plotted from statistic data from BP [1]. Reprinted with permission.
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. TiO2 nanotube arrays
Since scientiﬁc studies of TiO2 have been established during
arly 20th century [12] TiO2 has become one of the most widely
sed materials due to its unique physio-chemical properties [13].
owever, random e− transport pathway in particulate TiO2 ﬁlm
eads to recombination due to the trapping/detrapping of photo-
enerated e−/h+ pair [3,14]. Since the discovery of one-dimension
1-D) nanostructure, intense research and investigation have been
nvested in the physics and chemistry of materials science [15].
iO2 with well-aligned nanotubular structure provides unique
lectronic properties, such as high e− mobility or quantum conﬁne-
ent effects, high speciﬁc surface area, excellent ability to harvest
, and high mechanical strength [16–18]. Furthermore, vectorial
harge transport along the nanotubes to the collecting electrode
acilitates the photoelectrochemical properties and photocatalytic
fﬁciency [14,17]. These advantages render TiO2 nanotube arrays
s a promising candidate for multifunctional applications, such
s, pollutant decomposition [10,19,20], PEC [21–23] and DSSC
11,24–26]. Hence, the correlation of structure and property on
he performance ofTiO2 nanotube arrays must be comprehensively
nderstood.
.1. Anodic growth of self-organized TiO2 nanotube arrays
TiO2 nanotubes have been fabricated by using various meth-
ds, such as sol–gel [27,28], hydrothermal [29,30], chemical vapor
eposition [31] and electrochemical anodization [32–35]. Electro-
hemical anodization has been recognized as an efﬁcient and facile
pproach to produce integrative, vertically and highly ordered
anotube arrays with controllable structural morphologies [14].
Electrochemical anodization can be deﬁned as a controlled
lectrochemical growth of an oxide ﬁlm on a metal substrate
y polarizing the metal anodically in an electrochemical cell.
nodization can be conducted: (i) by applying a constant poten-
ial difference between anode and cathode; potentiostatic mode,
ii) by imposing constant current; galvanostatic mode, or (iii) by
weeping the anode potential at given rate; potentiodynamic mode
36–39]. Potentiostatic anodization has widely been used to grow
xide ﬁlms due to its relative simplicity [16–18]. Zwilling et al.
40] ﬁrst demonstrated the formation of self-organized porous TiO2
ia potentiostatic anodization of Ti in chromic acid (H2CrO4) con-
aining hydroﬂuoric acid (HF). The obtained tube-like structure
as not highly organized, and it showed considerable sidewall
nhomogeneity. From this origin, the presence of ﬂuoride ions (F−)
n electrolyte has been recognized as an essential role in anodic
rowth of self-organized oxide structures. The anodic growth of
elf-organized structure is mainly involved with electrochemical
xidation and chemical dissolution. A compact oxide layer initially
orms on the metal surface; metal M involving metal ion formation;
z+ – Reaction (1)), and consequently reacted with oxide ion (O2−)
nd/or hydroxyl ion (OH−) via ﬁeld-assisted oxidation – Reactions
2) and (3) [18,41]. The oxide formation mechanism on a metal is
llustrated in the work reported by Ghicov and Schmuki [43].
 → Mz+ + ze− (1)
 + z/2H2O → MOz/2 + zH+ + ze− (2a)
z+ + zH2O → M(OH)z + zH+ (2b)
(OH)z → MOz/2+ Z/2H2O (3)n principle, four different morphologies (i.e., compact structure,
andom porous structure, oriented porous structure and oriented
ubular structure) can be obtained by anodization [43]. Chemical
issolution plays an important role to determine the structural
l
f
1
emic Societies 1 (2013) 203–219 205
orphologies of anodic oxide. After the formation of an initial
xide layer, the O2− and/or OH− ions migrate through the oxide
ayer reaching the metal/oxide interface and then react with the
etal. High electric ﬁeld at initial oxide layer dominates the polar-
zation of the Mz+ O bond [42]. The Mz+ consequently migrates
rom the metal at the metal/oxide interface, and moves outward
he oxide/electrolyte interface.
Besides, the presence of F− in electrolyte strongly affects the
nodization process, as F− subsequently forms soluble complex
MFz+2]2− species [43]. On the other hand, complexation occurs
ith Mz+ ion migrated from the oxide/electrolyte interface – Reac-
ion (4), and consequently attaches to the formed oxide – Reaction
5) [18,43].
z+ + (z+2)F− → [MFz+2]2− (4)
Oz/2 + (z+2)F− + zH+ → [MFz+2]2− + z/2H2O (5)
ong et al. [32] investigated the signiﬁcance of electrochemical dis-
olution and chemical dissolution in aqueous electrolyte on the
nodic growth of TiO2 oxide by varying applied potential over the
ange of 5–20 V, and HF concentration of 0.5–3.5 wt%. Porous or
articulate structure was formed in aqueous electrolyte containing
.5 wt%  HF under applied potential lower than 10 V. Self-organized
ubular structure was successfully formed at 10–20 V. It was notice-
ble that an appropriate applied potential which is required for
he formation of TiO2 nanotube arrays is disproportional to HF
oncentration. These ﬁndings reveal the essential of anodization
arameters investigation on the formation and structural mor-
hologies of TiO2 nanotube arrays.
.2. Factors affecting geometry and composition
The anodic growth of self-organized tubular structure is well
nown as the equilibrium reaction between electrochemical oxi-
ation at the metal/electrolyte interface and chemical dissolution
t the oxide/electrolyte interface [41,44]. The structural char-
cteristics of the nanotube arrays can be controlled by various
ynthesis parameters, such as applied potential [45–47], expo-
ure time [45,48,49], type of electrolyte and chemical composition
33,41,50]. Therefore, the following section provides the compre-
ensive review on the inﬂuences of aforementioned parameters on
he formation of TiO2 nanotube arrays.
.2.1. Nanotube arrays synthesis using aqueous electrolytes
Gong and co-workers [32] ﬁrst fabricated self-organized, highly
niform TiO2 nanotube arrays by anodizing Ti in aqueous elec-
rolyte containing 0.5 wt% HF under applied potential of 10–20 V.
he pore size increased with increasing applied potential while the
anotube length was  dependent on the exposure time. However,
he length of nanotubes was limited to a maximum of ∼500 nm,
ue to the restriction imposed by high chemical dissolution at
he top of nanotubes by strong acidity of HF aqueous electrolyte,
a., pH < 2 [14,45]. The chemical dissolution of the formed oxide is
etermined by the F− concentration and the solution pH – Reaction
5) [45]. Large number of F− and H+ ions in HF aqueous electrolyte
ominate high chemical dissolution and thus hinder the equilib-
ium growth of the nanotube arrays [44]. Beranek et al. [51] later
ound that the addition of sulfuric acid (H2SO4) in the low con-
entration aqueous electrolyte containing 0.05–0.4 wt%  HF could
mprove the structural morphologies of porous TiO2. This basis was
ater used to obtain TiO2 nanotube arrays with well-deﬁned tubu-
ar structure [45]. They found the addition of H2SO4 allowed the
ormation of TiO2 nanotube arrays over applied potential range of
0 V to 25 V. The nanotube length and pore diameter increased lin-
arly with increasing applied potential. Besides that, the acidity of
206 A. Matsuda et al. / Journal of Asian Ceramic Societies 1 (2013) 203–219
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aig. 3. Surface morphologies of TiO2 nanotube arrays formed in 1 M H2SO4 contain
or  (d) 20 h and (e) 90 h, and (f) electrolyte with pH 4.5 at 10 V for 20 h [45]. Reprint
lectrolyte greatly affects the chemical dissolution of the formed
xide and thus determines the structural morphologies of nano-
ube arrays [34,44]. TiO2 nanotube arrays with ∼280 nm long and
40 nm pore diameter were formed in strong acidity (pH < 1) elec-
rolyte after anodization at 10 V for 20 h. The increase in the pH
alue of electrolyte to 1.3 and 2.8 by addition of potassium ﬂuoride
KF) and sodium ﬂuoride (NaF) instead of HF resulted in the forma-
ion of TiO2 nanotube arrays with the nanotube length of ∼320 nm
nd ∼590 nm,  respectively. Remarkably, the nanotube length and
ore size increase linearly from ∼590 nm to ∼1 m and 1.5 m by
ncreasing applied potential from 10 V to 15 V and 25 V (Fig. 3a–c).
oreover, the nanotube length is proportional to the exposure
ime, resulting in the formation of nanotube arrays with ∼800 nm,
1.8 m and ∼2.3 m long after exposure to electrolyte (pH 3.8)
or 20 h, 60 h and 90 h (Fig. 3d–e). It is interesting that the acidity
f electrolyte plays an essential role to the growth of long nano-
ube arrays rather than exposure time. The length of the nanotubes
ncreases from ∼800 nm to ∼4.4 m with increasing electrolyte pH
rom 3.8 to 4.5, respectively (Fig. 3f). The signiﬁcance of the pH
alue of electrolyte was later conﬁrmed by anodic growth of TiO2
anotube arrays in phosphoric acid (H3PO4) containing HF [52].
elf-organized TiO2 nanotube arrays were successfully formed in
c
l
b
o M HF (pH 2.8) at (a) 10 V, (b) 15 V, (c) 25 V for 20 h, electrolyte with pH 3.8 at 10 V
th permission.
 M H3PO4 containing 0.3 wt% HF over applied potential range from
 V to 25 V. The nanotube length and pore size increased linearly
ith increasing applied potential. This unprecedented adjustabil-
ty of the nanotubes geometry in H3PO4 is ascribed to the fact
hat weak H3PO4 acts as a buffer species which governs the local
cidiﬁcation during pore growth [44].
In 2007, Allam and Grimes [53] demonstrated an alternative
ethod to fabricate TiO2 nanotube arrays using hydrochloride
HCl) instead of ﬂuoride-containing electrolyte. The anodization in
 M HCl aqueous electrolyte at 20 V for 20 min  allowed the forma-
ion of TiO2 nanotube arrays with the nanotube length of ∼600 nm.
owever, high chemical dissolution of aqueous electrolytes still
emains as a challenge in achieving long nanotubes by anodization.
.2.2. Nanotube arrays synthesis using organic electrolytes
An organic electrolyte is known as efﬁcient solvent in anodic
abrication of highly ordered self-organized porous Al2O3 at high
pplied potential, ca. 100 V [54,55]. The incorporation of organic
omponent from the electrolyte into anodic oxide ﬁlm is known to
ower the relative permittivity of oxide and increase its dielectric
reakdown potential [49], thereby allowing the anodic growth of
xide ﬁlm under a wide range of applied potential [41,56].
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Ruan et al. [50] demonstrated the anodic growth of TiO2 nano-
ube arrays in ﬂuoridated dimethyl sulfoxide (DMSO) and ethanol
EtOH) mixture. Well-aligned TiO2 nanotube arrays with 2.3 m
n length were formed by anodization in 1:1 DMSO and EtOH
ixture containing 4 wt% HF at 20 V for 70 h. DMSO is a dipolar
protic solvent. Unlike protic solvents, aprotic solvents do not have
 hydrogen atom directly bonded to an electronegative atom, such
s oxygen or nitrogen. DMSO has a very weak ability to donate
hotons (hydrogen bond donation) and it is more basic than water,
mplying that DMSO has a protophilic nature [14]. DMSO accepts
he hydrogen proton from HF and thus allows the formation of
ong nanotubes by reducing the chemical dissolution. However, the
onation of oxygen in organic electrolyte is more difﬁcult than in
queous electrolyte, resulting in short nanotubes formation even
fter long anodization time. District nanotube arrays obtained in
:1 DMSO and EtOH mixture exhibited fourfold higher photo-
urrent density compared to those nanotubes formed in aqueous
lectrolyte [32]. This reveals the potential of organic electrolyte for
he formation of TiO2 nanotube arrays with superior photoelectro-
hemical properties. The nanotube length could be increase up to
3 m by anodization in DMSO containing 2 wt%  HF at 60 V for 70 h
 see Fig. 4a–d [41,46].
The absence of H2O from DMSO electrolyte reduces the chemi-
al dissolution, thereby allowing the formation of long nanotubes.
owever, the donation of oxide ions (O2−) in organic electrolyte is
ore difﬁcult than in aqueous electrolyte, the oxidation is conse-
uently impeded. Hence, water usually serves as a source of O2−
nd hydroxyl ion: OH− [41,46]. Several authors reported that small
mount of water addition could improve the adhesion between
he nanotube and underlying oxide barrier layer. This facilitates
he growth of longer nanotubes [57,58]. Large amount of water
ddition, however, decreases the viscosity of electrolyte [10,33],
eading to high chemical dissolution due to the higher diffusion
ate of reactant ions [59]. The minimum amount of water less than
t
[
eorphologies of TiO2 nanotube arrays grown in DMSO containing 2 wt%  HF at 60 V
 wt%  limits the chemical dissolution and thus allows the nanotube
o grow deeply into the metal without signiﬁcant loss from the
ore mouth. Thinner barrier layer allows greater ionic conduction
nd faster movement of the metal/oxide interface into the metal,
hereby increasing the nanotube length [41,57].
The signiﬁcant anodization parameters including applied
otential, F− concentration, water content and exposure time on
he structural characteristics of TiO2 nanotube arrays were exten-
ively investigated by Yoriya et al. [58] and presented in Fig. 5a–e.
igher applied potentials provide a greater driving force for both
lectronic and ionic conduction which allow the growth of longer
anotube arrays. A maximum length of TiO2 nanotube arrays of
01 m was  achieved by anodic growth in DMSO containing 2 wt%
F at 60 V for 70 h. Fig. 5b reveals that 2 wt%  HF concentration
llowed the formation of longest nanotube at both 40 and 60 V. HF
oncentration higher than 2% greatly increases the chemical disso-
ution, and therefore, causes nanotube length reduction. Chemical
issolution is relatively lower than electrochemical oxidation in
MSO containing less than 2 wt% HF, resulting in the formation of
hort nanotubes. The addition of H2O facilitates the extraction of
2− and OH− from electrolyte to form oxide, contributing to the
ormation of longer nanotube with thicker walls. However, high
2O content dominates chemical dissolution and thus reduces the
anotube length. Fig. 5d shows that nanotube length increased with
xtended exposure time up to 70 h and decreased after 70 h. The
eduction in length by prolonging the time beyond 70 h can be
scribed to the phenomenon that the nanotube growth rate at the
ottom of the tubes becomes slower due to the increased diffusion
esistance of both F− and the reaction products at the tube bottom
ith increasing the tube length. This results in the dominance ofhe dissolution rate and decreases the nanotube length with time
18,41].
Formamide (FA) and N-methylformamide (NMF) were also
mployed as efﬁcient electrolyte for fabricating long nanotubes
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Fig. 5. Variation of TiO2 nanotube array length as a function of (a) applied voltage for a 70 h anodization using DMSO containing 2% HF with and without a pre-anodization
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ith a high growth rate [46]. FA and NMF  are both protophilic like
MSO, meaning that their acidic nature is weaker than water [14].
he dielectric constants of FA and NMF  are 111 and 182.4, respec-
ively, which are much higher than that of water; ∼78.4, indicating
ighly polarity of these electrolytes. Higher electrolyte capacitance
nduces more charges to be formed on the oxide layer and thus
mproves the extraction of Ti4+ ions while higher electrolyte polar-
ty facilitates the dissolving of HF and makes it chemically available
n the reaction site at the oxide/electrolyte interface [41]. Paulose
t al. [46] fabricated TiO2 nanotube arrays of ∼69 m long in FA
ontaining 0.27 M NH4F at 35 V for 48 h [41]. It is noticeable that
he growth rate increased to ∼24.3 nm min−1, which is relatively
igher than that formed in DMSO [50] or aqueous electrolytes [45].
Shankar et al. [41] further investigated the inﬂuence of applied
otential (i.e., 20 and 30 V), and NH4F concentration in the range
f 0.11–0.37 M.  The nanotube length and pore size increased with
ncreasing applied potential and concentration of NH4F, achiev-
ng a maximum length of ∼78 m by anodization in FA containing
.37 M NH4F electrolyte. By incorporation of highly polarized elec-
rolyte such as NMF  into FA, chemical dissolution is accelerated
nd thus resulted in the formation of nanotubes with larger pore
ize. The diffusion of ionic species in electrolyte greatly affects the
rowth of TiO2 nanotube arrays by local acidiﬁcation at the pore
ottom [44]. Macak and Schmuki [33] investigated the inﬂuence
f electrolyte viscosity on the formation of TiO2 nanotube arrays
y anodization in various types of electrolytes, e.g., 1 M (NH4)2SO4
ontaining 0.5 wt% NH4F, 1:1 glycerol and H2O mixture containing
.5 wt% NH4F, and glycerol containing 0.5 wt% NH4F. The viscosi-
ies of these electrolytes were ∼0.001, ∼0.004 and ∼1.5 Pa s. The
nodization in (NH4)2SO4 electrolyte allowed the formation of TiO2
anotube arrays with ∼2 m long (Fig. 6a) while the anodization
n glycerol electrolyte resulted in nanotube arrays with ∼1.3 m in
ength (Fig. 6b and c). However, the incorporation of large amount
f water leads to the presence of ripples at the nanotube walls,
d
p
P
aation, (c) variation of nanotube length obtained from a 2.0% HF-DMSO containing
ation in 2.0% HF-DMSO electrolytes with 0%, 3%, and 5% deionized water contents
esulting from high chemical dissolution in electrolyte. The nano-
ube length formed in glycerol-based electrolyte increases almost
inearly with increasing exposure time, thereby achieving ∼6.1 m
t 18 h. Besides, the viscosity of electrolyte is also affected by
nodization temperature [33,59]. The viscosity of glycerol con-
aining 0.5 wt% NH4F decreases from 12 Pa s to 1.5 and 0.3 Pa s by
ncreasing temperature from 0 ◦C to 20 and 40 ◦C. Low viscosity
acilitates the diffusion of reactants to the pore tip or reaction
roducts away from the tip, resulting in longer nanotube length
ith larger pore size. As mentioned earlier that the incorpora-
ion of organic species from organic electrolyte into the oxide ﬁlm
uring anodization allows the growth of nanotube arrays under a
ide range of applied potential. Alivov et al. [56] investigated the
ormation behavior of TiO2 nanotube arrays in a broad range of
pplied potential of 5–350 V and F− concentration of 0.1–0.7 wt%.
iO2 nanotube arrays were formed in glycerol under applied poten-
ial range of 10–240 V, and the applied potential is disproportional
o F− concentration.
Due to the signiﬁcance of electrolyte viscosity on the growth
f nanotube arrays, the anodization in high viscosity electrolyte
 = 945 cP at 25 ◦C) resulted in relatively shorter nanotube length
s compared to that formed in aqueous electrolyte. Hence, the
otential of low viscosity polyol solvent; ethylene glycol; EG
 = 16 cP at 25 ◦C) for the formation of TiO2 nanotube arrays was
lso investigated by Macak and Schmuki [33]. The anodization in
G containing 0.5 wt%  NH4F at 12 V for 3 h resulted in the rapid
ormation of TiO2 nanotube arrays with ∼1.6 m long while the
ne grown in glycerol containing 0.5 wt%  NH4F at 20 V exhibited
he nanotube length of ∼1.3 m.  The increase in the nanotube
ength grown in EG-based electrolyte could be attributed to lower
iffusion resistance in electrolyte with lower viscosity [14]. The
otential of EG as efﬁcient electrolyte was  later conﬁrmed by
aulose et al. [57]. The anodization in EG containing 0.25 wt% NH4F
t 60 V allowed the rapid formation of nanotube arrays with the
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dig. 6. Cross-sectional morphologies of TiO2 nanotube arrays prepared in (a) 1 M
.5  wt% NH4F, and (c) glycerol containing 0.5 wt% NH4F at 20 V for 3 h. The insets sh
rowth rate up to 131.4 nm min−1. The resulting nanotube arrays
xhibited length of 134 m and pore size of 25 nm at 17 h. The
anotube length was further increased up to 220 m by anodiza-
ion in EG containing 0.3 wt% NH4F and 2 wt% H2O [41], implying
he signiﬁcant role of H2O addition on the growth of long nanotube
rrays.
The inﬂuences of anodization parameters, including H2O con-
ent, NH4F concentration, applied potential and exposure time,
n the growth of TiO2 nanotube arrays were systematically
nvestigated by Prakasam et al. [60]. The increases in the H2O
ontent and NH4F concentration facilitate electrochemical oxida-
ion at the metal/oxide interface and chemical dissolution at the
xide/electrolyte interface, resulting in longer nanotube length up
o 220 m by anodization in EG containing 2 wt% H2O and 0.3 wt%
H4F. Further increase of water content and NH4F concentration
eads to disequilibrium reaction between electrochemical oxida-
ion and chemical dissolution and thus resulted in shorter nanotube
ength in the range of 54–136 m (Tables 1 and 2). In the presence
f optimum H2O content, O2− and/or OH− are injected into the body
f the oxide layer, and affect the structure formation which impede
he ionic transport at barrier layer [61]. This greatly accelerates the
nward movement of the metal/oxide interface into the metal sur-
ace and resulted in the formation of long nanotubes with thick
able 1
ummary of nanotube length (in m)  obtained by varying the concentration of H2O
f  1–3 wt%, and NH4F of 0.1–0.5 wt% in EG with respect to fresh and once-used
olution [60].
EG electrolyte Nanotube length (m)
0.1 wt%  HN4F 0.3 wt%  HN4F 0.5 wt%  HN4F
1 vol% H2O
Fresh 54 67 47
Used 70 156 115
2  vol% H2O
Fresh 85 165 106
Used 105 220 45
3 vol% H2O
Fresh – 136 85
Used – 100 66
s
i
m
2
m
l
w
H
T
S
a
p)2SO4 containing 0.5 wt% NH4F, (b) 1:1 of glycerol and water mixture containing
spective surface morphologies [33]. Reprinted with permission.
alls. Higher content of H2O increases the number of extracted
xide and/or hydroxyl ions per unit area of the oxide layer, leading
o higher chemical dissolution.
The increase in the F− concentration provides higher chemi-
al dissolution at the oxide/electrolyte interface, thereby allowing
igher number of ion migrate across thin barrier layer. This resulted
n the formation of long nanotube with thin walls. However, high
hemical dissolution in electrolyte containing high F− concen-
ration induces a signiﬁcant loss from the pore mouth and thus
ormed short nanotubes. It was  noticeable that the anodic growth of
iO2 nanotube arrays in used electrolyte signiﬁcantly reduced the
anotube length. Lower electrical conductivity of used electrolyte
inders ionic migration across barrier layer, thereby reducing loss
t the pore tip by high chemical dissolution. Inner and outer diam-
ters and nanotube length were found to increase with increasing
pplied potential from 20 V to 60 V. Further increase in the applied
otential to 65 V resulted in further increase in inner and outer
iameters, whereas a decrease in the nanotube length was noted as
ell. This implies a signiﬁcant loss at the pore tip by high chemical
issolution under applied potential higher than 60 V. The expo-
ure time is also an important parameter. The nanotube length
ncreased with increasing exposure time, and achieved a maxi-
um length of 360 m at 96 h. The growth rate was  found to be
41.7 nm min−1 at 4 h. It decreased exponentially and reached a
−1inimum of 62.5 nm min at 96 h. Paulose and co-workers [57]
ater achieved the formation of ultra-long TiO2 nanotube arrays
ith 1000 m in length by anodization in EG containing 3.5 wt%
2O and 0.6 wt%  NH4F at 60 V for 216 h.
able 2
ummary of nanotube inner diameter, outer diameter and length obtained by
nodization in fresh-EG containing 2 wt% and 0.3 wt% NH4F at different applied
otentials for 17 h [60].
Voltage (V) Inner diameter (nm) Outer diameter (nm) Length (nm)
20 45 65 5
40 70 115 30
50 90 140 45
60 105 155 165
65  135 185 105
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The investigation of organic electrolyte was extended to several
ypes of polyol solvents, such as, diethylene glycol (DEG), triethy-
ene glycol (TEG) and polyethylene glycol (PEG) in comparison to
G [62]. Large amount of oxy and hydroxyl groups in TEG and PEG
llow higher self-association via intra- and inter-molecular hydro-
en bonds, and consequently form anatase crystallite by bridging
etween the oxygen atom and hydroxyl groups in titania and/or
itanate. However, their high viscosity and molecular weight retard
he growth of nanotubes, which could not satisfy the requirement
f practical applications. In 2010, Sreekantan et al. [10] demon-
trated extremely fast-formation of TiO2 nanotube arrays with
pproximately ∼18.5 m in length by anodization in EG contain-
ng excessive-ﬂuoride 5 wt% NH4F and 1 wt% H2O. The nanotubes
ere formed with a high growth rate up to 308.3 nm min−1. How-
ver, high chemical dissolution in EG containing excessive-ﬂuoride
imits the exposure time at 1 h. Recently, alkali species addition
ppears as an alternative approach to achieve equilibrium reac-
ion between electrochemical oxidation and chemical dissolution.
he addition of sodium carbonate (NaCO3) into EG allowed the
apid growth of TiO2 nanotube arrays with the growth rate up to
 m min−1 [63]. Recently, carbon and potassium-embedded TiO2
anotube arrays were achieved by anodization in EG containing
.5 wt% NH4F and 1 wt% 1 M KOH [64]. The addition of alkali species
llowed the simultaneous control of electrochemical oxidation and
hemical dissolution, resulting in the equilibrium growth of nano-
ube arrays with a maximum growth rate of ∼353 nm min−1. The
nodic growth of nanotube arrays in the hydroxyl (OH)-rich envi-
onment induced the formation of anatase crystallites by bridging
etween the dissociated H2O molecules and OH group of octahedra
n TiO2. It is noteworthy that the anodic growth of TiO2 nanotube
rrays in EG is the only method that introduces the carbon species
nto the nanotube through the pyrogenation of ethylene (C2H2)
n EG [65], thereby enabling visible-light absorption [16] without
urther treatment [21,66].
. Modiﬁcation techniques for visible-light harvesting
The major obstacle in utilizing TiO2 as photoelectrode in PEC
nd DSSC under solar irradiation is the poor visible-light absorp-
ion of wide-EB semiconductor (anatase, EB = ca. 3.2 eV; rutile,
B = ca. 3.0 eV). In general, the EB of ∼1.9 eV is required for PEC,
ince 1.23 eV is the standard electrode potential (redox potential)
f water electrolysis, ∼0.4 eV is needed to cover thermody-
amic losses and ∼0.3–0.4 eV for over potential [67]. Numerous
pproaches, such as noble metal loading, ion doping, composite
emiconductors and sensitization have been used to lower the
B of TiO2 to enhance the visible-light absorption and reduce the
ecombination of charge carriers [8,68–70]. This section provides
xtensive review for the modiﬁcation techniques to harvest visible-
ight irradiation.
.1. Noble metal loading
Noble metals loading has been reported as an effective
pproach for enhancing the photocatalytic efﬁciency of TiO2 as
heir Fermi levels are lower than that of TiO2. This approach
as widely been used as co-catalyst in several applications,
uch as, proton exchange membrane fuel cells; PEMFC [7],
SSC [6], CO2 adsorption and hydrogenation [29]. The surface
lasmon resonance of noble metal nanoparticles is excited by
isible light, thereby facilitating the excitation of the surface
− and interfacial e− transfer. The dispersion of noble metal
anoparticle in the TiO2 matrix simultaneously creates an energy
evel and thus lowers the EB (Fig. 7). Moreover, noble metal
M
E
Hig. 7. TiO2 loaded with Pt and RuO2, and reaction process of photoelectrochemical
ater splitting [75]. Reprinted with permission.
anoparticles deposited on TiO2 act as e− trap, retarding the
ecombination of photogenerated e−/h+ [26,71,72]. The incorpo-
ation of noble metals, such as Pd, Pt, Ru, Ir and Au into TiO2
ould inhibit the charge carrier recombination and thus enhance
he evolution of H2 [73,74]. Besides, Hou et al. [74] investigated
he inﬂuence of noble metals on the light absorption character-
stics of TiO2 ﬁlm. Noble metals-loaded TiO2 ﬁlm exhibited the
edshift of absorption band and an absorption band over the range
f 320–800 nm,  indicating the efﬁcient visible-light absorption.
imilar phenomenon was  also observed in Ag-encapsulated Au
anorods DSSC [26]. However, the type of noble metal greatly
etermines the photocatalytic efﬁciency.
Yoong et al. [70] demonstrated the modiﬁcation of TiO2
anoparticles for PEC using Cu and Ni loading through wet impreg-
ation method. The EB of TiO2 decreased signiﬁcantly from 3.2 eV
o 2.58 eV by incorporating 10 wt% of Cu loading while Ni-loaded
iO2 exhibited the EB of 2.8 eV. The signiﬁcant decrease in EB
f Cu-loaded could efﬁciently harvest solar irradiation and thus
volve higher amount of H2. Sangpour et al. [20] investigated
he effect of noble metals, such as, Au, Ag and Cu loading on
he photocatalytic efﬁciency in comparison to TiO2 ﬁlm. The
hotoenhancement of this study was  determined in following
rder: Cu:TiO2 > Au:TiO2 > Ag:TiO2 > TiO2. However, large amount
f loaded-noble metal nanoparticles could induce the recombina-
ion of charge carriers, resulting in lower photocatalytic efﬁciency
nd thermal instability [70,73].
.2. Metal ion doping
Transition metal ion doping and rare earth metal ion doping
ave been extensively experimented to enhance the photocatalytic
fﬁciency [76]. The incorporation of metal ion into the lattice of
iO2 enables the visible-light absorption by generating of impu-
ity energy levels in the EB as indicated in Reactions (6) and (7)
7,14], where M and Mn+ represent metal and metal ion dopant,
espectively. Besides, the e− transfer between metal ion and TiO2
an retard the recombination of photogenerated e−/h+ (Reactions
8) and (9)).
n+ + h → M(n+1)+ + eCB− (6)
n+ + h → M(n−1)+ + hVB+ (7)
lectron trap : Mn+ + eCB− → M(n−1)+ (8)
ole trap : Mn+ + hVB+ → M(n+1)+ (9)
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sig. 8. Charge transfer from excited TiO2 to the different states of metal ions [75].
eprinted with permission.
he energy level of Mn+/M(n−1)+ must be less negative than the CB
dge of TiO2 while the energy level of Mn+/M(n+1)+ must be less
ositive than that of VB edge of TiO2 as illustrated in Fig. 8. Choi
t al. [77] demonstrated a systematic investigation on the inﬂu-
nce of 21 types of metal ion doping to TiO2. Among them, Fe,
o,  Ru, Os, Re, V and Rh signiﬁcantly enhanced the quantum yield,
hereas doping by Co and Al have caused detrimental effects. The
nhancement in quantum yield strongly depends on the relative
oncentration of trapped charge carriers. The metal ions can trap
ot only e− but also h+. The impurity energy levels are introduced
ear to the CB as well as VB edges. The deposition of metal ion near
he surface of TiO2 particles resulted in a better charge transfer.
n the case of deep deposition, metal ion acts like recombination
enter and thus lowers the quantum yield. A qualitative analysis in
he effect of different lanthanide metal ions (e.g., Eu, La, Nd, Sm and
r) on photocatalytic activity was carried out by Wang et al. [76].
he incorporation of lanthanide metal ions could efﬁciently hinder
he recombination of photogenerated e−/h+ and thus enhanced the
hoton to current conversion efﬁciency (IPCE). The IPCE of Eu-, La-,
d- and Pr-doped TiO2 was found to be higher than Sm-doped TiO2
nd pure TiO2. However, very low content of deposited metal ion
as detected, owing to the relatively larger ionic radii of lanthanum
ons; La3+ (ca. 1.1 A˚) as compared to Ti4+ (ca. 0.64 A˚). The effects of
etal ions deposition into TiO2 were further veriﬁed by Peng et al.
78]. It was found that the deposition near the surface was  bene-
cial for charge carrier transfer, resulting in the enhancement of
hotocatalytic efﬁciency.
Eder et al. [79] also found that the incorporation of Fe3+ into
iO2 resulted in a slight shift toward high angle of XRD peak, corre-
ponding to the structural distortion. This is attributed to the fact
hat the ionic radius of Fe3+ (ca. 0.68 A˚) is very similar to that of
i4+. The distortion effect increased continuously with increasing
e3+ concentration. This infers the signiﬁcance of metal ion doping
n the oxygen vacancies in TiO2, which eventually enhances their
hotoelectrochemical properties. The incorporation of metal ion
nto TiO2 nanotube arrays has recently been proposed by several
uthors. Sun et al. [80] obtained Fe3+-doped TiO2 nanotube arrays
y facile anodization of Ti in HF solution containing Fe(NO3)3. The
esulting product exhibited redshift of absorption band, imply-
ng the signiﬁcance of Fe3+ doping on the visible-light absorption.
amedani et al. [81] later formed Sr-doped TiO2 nanotube arrays
y similar basis. An appropriate amount of metal ions facilitated
− +he separation of photogenerated e /h and thus contributed to
etter photoelectrochemical properties as well as photocatalytic
fﬁciency. Lately, the anodization of alloy appears as an alter-
ative approach to introduce transition-metal dopant into TiO2
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anotube arrays [82,83]. The resulting nanotube arrays exhibited
uperior photoelectrochemical properties. However, high recom-
ination in TiO2 nanotubes containing large amount of metal ion
nhibited their aforementioned properties as similarly observed in
e3+-doped TiO2 nanotube prepared by impregnation method [84].
.3. Non-metal doping
The incorporation of nonmetal doping appears as an efﬁcient
pproach to minimize the recombination of photogenerated e−/h+
8,9,31,35]. It offers greater ability to overcome thermal or photoin-
uced instability, poor reproducibility of photoactivity, and high
ecombination in metal ion doping [85]. Asahi et al. [86] deter-
ined the substitutional doping contents of C, N, F, P and S for
xygen in the lattice of anatase TiO2. In 2006, Xu et al. [87] studied
he effect of N on the band structure and EB of TiO2 through local-
ensity approximation (LDA). The band structure of N-doped TiO2
hich was  evaluated between the lowest Ti3d band and the highest
2p band was approximately 2.47 eV. The isolated N2p bands that
ocated around Fermi level and above the maximum valence-band
VBM) of TiO2 caused the narrowing of EB, thus allowing the visible-
ight absorption. The inﬂuence of C, N and C N co-doping on the
hotocatalytic efﬁciency of TiO2 under visible-light irradiation was
lso investigated by Chen et al. [88]. The doped N atoms weaved
nto the lattice of anatase and induced new band states in the TiO2
and gap, through replacing the sites of O atoms while most of
he C atoms could form a layer composed of a complex carbona-
eous mixture at the surface of TiO2. TiO2 nanomaterials co-doped
ith C and N exhibited higher photocatalytic efﬁciency than those
olely doped with C or N, which is accounted by the synergistic
ffect of C and N co-doping [8]. The signiﬁcance of nonmetal doping
i.e., C, N and S) on the visible-light absorption of TiO2 has been
nvestigated using X-ray photoelectron spectroscopy (XPS) in com-
arison with Degussa P25. The incorporation of C, N and S induced
he diffusion electronic states corresponding to the C2p, N2p and
3p above the VBM of pure TiO2 – Fig. 9A [88], thereby enabling
he visible-light absorption which is also observed and reported by
eyes-Gil et al. [89]. Lee et al. [90] investigated the inﬂuence of non-
etal doping on the charge carrier trapping in highly visible-light
ctive C- and S-doped nanoporous TiO2 using photoluminescence
pectroscopy (PL). The PL peak shifted toward longer wavenumber
ith the incorporation of nonmetal doping and the peak intensity
imultaneously decreased, indicating that non-metal doping can
fﬁciently inhibit the recombination of photogenerated e−/h+. The
ncorporation of nonmetal doping into TiO2 nanotube arrays has
een demonstrated via several approaches. Dong et al. introduced
 species into TiO2 nanotube arrays by annealing of as-grown
anotube arrays in ammonia atmosphere [91]. Later, Li et al. [92]
chieved N-doping by electrochemical deposition of TiO2 nano-
ube arrays in NH4Cl solution. Among various nonmetal element
opants, the modiﬁcation with carbon has been reported to be a
romising approach to extend the absorbance of TiO2 into visible-
ight, because the doping of C atoms has a particular oxidation state
hich can be changed from Ti4+ (as cation) to Ti4− (as anion). It
hus forms C O bond via carbon substitution for titanium site or
s interstitial carbon forming Ti C bond via substitution of carbon
or oxygen site in TiO2 lattice [93,94], resulting in the band gap
arrowing of TiO2 or the formation of localized mid-gap state [88].
etailed investigations on the inﬂuence of C to the EB were demon-
trated through local-density approximation calculation; LDA [95]
nd deep-level spectroscopy; DLOS [96]. Three localized C2p states
xist between the EB of TiO2 at ∼0.86, ∼1.30 and ∼2.34 eV, which
re denoted by D1, D2 and D3. They suggested that D3 level was ade-
uately mixed with that O2p state and behaved as a part of the VB,
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iO2 [75]. Reprinted with permission.
hile D1 and D2 levels were found to interplay strongly between
i3d and O2p states (Fig. 9B).
Park et al. [21] prepared C-doped TiO2 nanotube arrays for
olar water splitting by reduction of carbon monoxide; CO. Several
uthors also reported a similar observation on TiO2−xCx nano-
ube arrays prepared by acetylene reduction [97,98]. The efﬁcient
ncorporation of graphite carbon and doped carbonate type species
nto TiO2 nanotube arrays has been later realized by sonoelectro-
hemical anodization in EG containing NH4F [22], revealing the
ossibility to form TiO2−xCx nanotube arrays for PEC by simple
nodization in EG as also reported by several researchers [16,99].
lternatively, the incorporation of alkali-species into TiO2 nano-
ube arrays contributed to better photoelectrochemical properties
s demonstrated by the anodic growth of TiO2 nanotube arrays
n HF containing potassium salt [100]. The adsorbed-potassium
pecies on the surface of nanotubes were ionized by the donation of
− from the K4s orbital to the Ti3d state of TiO2 [100,101] and thus
ontributed to the larger number of charge carrier density [99]. We
ately demonstrated the facile formation of C and K-embedded TiO2
anotube arrays by anodization of Ti in EG containing NH4F and
OH solution [99]. The generation of localized C2p and K4s states
ould lower the EB and thus contributed to visible-light response.
.4. Composite semiconductors and sensitization
Composite semiconductor is another alternative method to
nable the harvest of visible-light irradiation. Narrow EB semicon-
uctor with a more electronegative CB level is generally coupled to
 wide EB semiconductor. The photogenerated e− can be injected
rom a narrow EB semiconductor to a larger one (Fig. 10a). This
onsequently achieves a wide e−/h+ separation and thus enhances
he efﬁciency of the interfacial charge transfer to coupled semi-
onductor. The development of composite semiconductors for PEC
equires four main factors: (i) semiconductors should be photocor-
osion resistant, (ii) the narrow band gap semiconductor should be
ble to absorb the visible light, (iii) the CB of the narrow EB semicon-
uctor should be more electronegative as compared to the larger EB
ne, and (iv) the CB of the large EB semiconductor should be more
lectronegative than water oxidation level [7,102,103]. Various
ypes of semiconductors, such as CdS, CdTe, CdSe, ZnS, ZnO, ZrO2,
aAs and GaP have been incorporated into TiO2 [7,104]. In 1999,
ee et al. [105] investigated the photocatalytic efﬁciency of sev-
ral types of semiconductor composites, i.e.,  ZnO–TiO2, CdS–TiO2
nd ZnS–TiO2 prepared by ultrasonic spray pyrolysis. The size and
ize distribution of the obtained particles were not affected by
he type and loading composition. The photocatalytic efﬁciency
f the modiﬁed particles was slightly higher than pristine TiO2.
b
a
m
i schematic diagram illustrates the generation of localized state in nonmetal-doped
owever, higher loading composition resulted in the reduction of
hotocatalytic efﬁciency. Srinivasan et al. [106] prepared CdS-TiO2
anocomposites for the photodegradation of phenol in water sus-
ension. In their study, the sensitization of CdS with TiO2 could
xtend the absorption band edge to the visible region. Both CdS and
iO2 could be excited by h with a wavelength less than 495 nm.
he photogenerated e− ejected from sensitized-semiconductor to
iO2 while the h+ of TiO2 simultaneously transfers to sensitized-
emiconductor (Fig. 10b). The combination of semiconductors
ontributes to better photocatalytic efﬁciency due to better charge
eparation. Furthermore, the degradation rate was  enhanced by
ncreasing the CdS composition. Lately, Vanida et al. [107] inves-
igated the effect of sensitized-semiconductors on the optical
roperties of TiO2 composites. The sensitization with a narrow EB
emiconductor such as CdS (EB = 2.25 eV) resulted in the shift of
bsorption band. The signiﬁcance of the nanocomposite structure
n quantum-dot (QD) sensitized solar cell was further demon-
trated by Sun et al. with signiﬁcant improvement in photocurrent
nd efﬁciency due to the facilitated propagation and kinetic sep-
ration of photogenerated charges. The as-synthesized nanotube
rrays with tube length of 19.2 m were compared with those sen-
itized with CdS quantum dots. Voc increased from 0.94 V to 1.27 V
hile Jsc marked a remarkable 35 times increment from 0.22 to
.82 mA/cm2 with cell efﬁciency of 4.15% for QD-sensitized TiO2
anotube arrays [108]. Yang et al. [109] incorporated CdSe into
iO2 nanotube arrays via electrodeposition. The CdSe/TiO2 compos-
te nanotube arrays exhibited high absorption in the visible-light
llumination due to the narrow EB of CdSe (EB = 1.70 eV), result-
ng in superior photoelectrochemical response under visible-light
llumination. The incorporation of CdS/CdSe quantum dots could
fﬁciently harvest h and thus enhanced the photocurrent den-
ity [108,110] of solar cells under Air Mass 1.5 solar irradiation.
owever, the utilization of photoelectrode in aqueous electrolyte is
imited by the photocorrosion during reaction [7,111]. However, no
hange in the optical properties was  observed by the sensitization
ith a large band gap semiconductor such as ZnS; EB = 3.54 eV.
Various types of photocatalysts, such as, Si, SiO2 and SiC have
lso been adopted as the potential coupled materials into com-
osite semiconductors, which offer higher photocatalytic efﬁciency
s compared to metal-compound composites. Si is well-known as
 semiconductor material that can efﬁciently absorb solar spec-
rum due to narrow band gap energy (EB = 1.12 eV). However, Si
s unstable in aqueous electrolytes [112,113]. Later, Si-doping has
een attempted into TiO2 in order to improve the photocatalytic
ctivity [114,115]. Keller and Garin [112] observed the effects of
etal compounds and semiconductor materials on TiO2 compos-
tes by coupling with WO3 (EB = 2.7 eV) and SiC (EB = 3.0 eV). Further
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tFig. 10. Photocatalytic hydrogen generation with (a) composite semicond
nvestigations were carried out on the photocatalytic oxidation
f methylethylketone (MEK). As the CB of SiC is relatively more
egative than TiO2 approximately −1.6 eV, more e− are efﬁciently
ransferred to the CB of TiO2. On the other hand, the CB of WO3 is
ess negative than that of TiO2, and thus e− rather transfers from
he CB of TiO2 to WO3, resulting in a wide e−/h+ separation. These
omposite semiconductors were found to be more effective than
iO2 for MEK  oxidation due to efﬁcient charge separation. However,
lthough WO3 coupling with TiO2 could enhance photocatalytic
xidation, it could not reduce protons, since the CB of WO3 is not
egative enough. Comparatively, the e− transferred from the CB
f SiC to the CB of TiO2 was more negative than water oxidation
evel [102,116]. Similar observation was found from the deposition
f Zr and Si into TiO2 nanopowder on the degradation of methyl
range (MO) and 4-chlorophenol. Both Zr-coupling and Si-coupling
ed to slightly higher degradation rate than pure TiO2, particularly
or the Si-coupled TiO2 that degraded more than 90% of MO.  These
ndicate that semiconductor coupling could enhance the photo-
atalytic activity. The comparison between SiO2 and SiC coupling
nto TiO2 was also demonstrated by Nishida et al. [110]. SiC-TiO2
xhibited a higher photocatalytic activity and photodegradation as
ompared to SiO2-TiO2. Besides incorporation of SiC into TiO2 for
ater splitting, pure SiC photoelectrode is able to generate H2 with-
ut external bias [117]. This is due to the fact that SiC satisﬁes the
equirement for water splitting to generate hydrogen [103,116].
urthermore, it possesses excellent chemical and mechanical sta-
ility [117,118].
In the last decade, graphene, a one-atom-thick sp2-hybridized
arbon sheet [119,120], has been used to enhance the photoelec-
rochemical properties and photocatalytic efﬁciency of TiO2. Zhang
t al. [121] prepared graphene/TiO2 nanocomposites electrode via
ol–gel method for electrochemical water splitting. The decora-
ion of graphene induced the visible-light absorption. The excellent
lectronic conductivity and large speciﬁc surface area of graphene
ontributed to the higher evolution rate of H2 which was  approxi-
ately 3 folds higher than pure TiO2. Similar result was also found
or TiO2 nanorod-decorated graphene ﬁlm [122]. Liu et al. [123]
eposited graphene ﬁlm on the surface of TiO2 nanotube arrays
hrough in situ electrochemical reduction of graphene oxide dis-
ersion by cyclic voltammetry. The incorporation of graphene into
iO2 nanotube arrays improved the absorptivity toward pollut-
nts, thereby enabling the visible-light absorption, and hindered
he recombination of photogenerated e−/h+. Song et al. [124]
ater incorporated graphene oxide into TiO2 nanotube arrays via
mpregnation method. The photoconversion efﬁciency under solar
rradiation increased up to 15 times with the presence of graphene.
he aforementioned properties strongly depend on the concentra-
ion of loaded graphene, as similar to noble metal loading and ion
oping [121,123].
i
i
w
as and (b) metal particle-sensitized TiO2 [75]. Reprinted with permission.
. Crystallization of TiO2 nanotube arrays
As-anodized TiO2 nanotube arrays are amorphous in nature,
hich exhibit poor electrical, optical and mechanical properties
56,125]. The crystallinity and the isomorph present at the desired
perating conditions greatly determine their potential applica-
ions. Anatase phase is preferred in PEC [16,98], DSSC [25,28] and
atalyst [10], while rutile is mostly used in the area of dielectrics
126] and high-temperature oxygen gas sensors [127]. Hence, the
omprehension on inﬂuence of heat treatment temperature and
tmosphere on the crystal structure, and photoelectrochemical and
hotocatalytic efﬁciency of TiO2 nanotube arrays are essential for
chieving high efﬁciency PEC and DSSC devices.
.1. Thermal annealing
Varghese et al. [128] investigated the signiﬁcance of heat treat-
ent conditions on the crystallization and structural morphologies
f TiO2 nanotube arrays formed in aqueous solution containing
.5 wt%  HF by annealing at temperature of 230–880 ◦C in dry oxy-
en (O2), and argon (Ar) atmospheres. Under O2 atmosphere, TiO2
anotube arrays crystallized in the anatase phase at ∼280 ◦C. The
utile phase emerged at ∼430 ◦C and completely crystallized at the
emperature range 620–680 ◦C. No discernible changes in struc-
ural morphologies were observed at temperatures lower than
80 ◦C. Small protrusions emerged through the tubular structure
ppeared at a temperature higher than 550–580 ◦C, and it appeared
niformly at 680 ◦C. Above this temperature, the tubular structure
ollapsed and formed dense rutile crystallites initiated from the
xide/metal interface. These phenomena were also observed from
he crystallization of TiO2 nanotube arrays formed in organic-based
lectrolytes (i.e., EG and glycerol) containing NH4F – see Fig. 11
129–131]. However, the anatase-to-rutile transformation temper-
ture in TiO2 nanotube arrays formed in organic-based electrolytes
as observed at ∼550 ◦C, which is relatively higher than that of the
rrays formed in aqueous solution [128]. The increase in transition
emperature indicates high structural stability of nanotube arrays
ormed in organic electrolytes [132]. Heat treatment temperature
lso greatly affects the diffusion of adsorbed-carbonate species
rom EG into the TiO2 structure [130], and eventually determines
he hydrogen production in PEC cell [131]. The evolution rate of H2
as proportional with annealing temperature, and reached a maxi-
um  of 122 mol/(h cm−2) at 450 ◦C. The formation of rutile phase
t higher temperatures resulted in the reduction in the H2 evolu-
ion, owing to a greater recombination of photogenerated e−/h+n rutile phase as compared to anatase phase [57,133]. Accord-
ng to Zhu et al. [134], TiO2 nanotube arrays obtained in their
ork transformed from amorphous state to partially crystalline
t 300 ◦C and full crystalline anatase was  obtained at 400 ◦C for
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Thermal annealing yielded the highest photocurrent, followed
by hydrothermally treated nanotube arrays. In comparison, water-
treated and as-formed (amorphous) nanotube arrays exhibitedig. 11. X-ray diffraction patterns of TiO2 nanotube arrays annealed at temperatures
n  the range from 300 to 800 ◦C for 3 h. A, R, and T represent anatase, rutile, and
itanium, respectively [129]. Reprinted with permission.
 h in air. They investigated on the electron diffusion co-efﬁcient
nd recombination current density of the annealed TiO2 nanotube
rrays from 200 to 600 ◦C and the nanotube ﬁlms annealed at 400 ◦C
xhibit the fastest transport and slowest recombination kinetics
hich register the highest photocurrent density, photovoltage and
olar cell conversion efﬁciency among all the samples. Hardcastle
nd co-workers reported the amorphous-anatase-rutile transfor-
ation within the nanotube walls as a function of O2-annealing
emperature [135].
Besides, annealing atmosphere also plays an essential role to
etermine the photoelectrochemical properties of TiO2 nanotube
rrays by controlling crystallization and defect structure. Inert
tmosphere has also been used to crystallize TiO2 nanotube arrays
10,136,137]. Varghese et al. found that the morphology of TiO2
anotube arrays annealed in Ar is similar to that annealed under
2 up to 580 ◦C. However, annealing in Ar caused the shrinkage
f structure even at a low temperature of 480 ◦C, and the tubu-
ar structure collapsed at temperatures higher than 580 ◦C [128].
oreover, Salari et al. [137] explained that an annealing in a neu-
ral oxygen free environment induced partial reduction of Ti4+ to
ower valence Ti3+. At the same time, oxygen vacancies (VO••) can
e generated in the TiO2 structure due to partial oxygen loss. The
resence of VO•• accelerates the rearrangement of Ti O bond in
natase phase to form rutile phase [135,137]. The partial loss of
xygen in TiO2 structure also leads to the presence of VO••, thereby
etards the photoelectrochemical properties by high recombina-
ion of photogenerated e−/h+ [136].
.2. Low temperature crystallization by water treatment
The presence of either anatase or mixed anatase/rutile struc-
ures greatly determines the photocatalytic, photoelectrochemical
nd photovoltaic performances [131,137]. At a temperature
round 280 ◦C, typically conversion of the amorphous structure to
natase occurs and above 550 ◦C the structure is converted into
natase/rutile mixture [128,129]. High temperature crystallization
f anatase structure hinders the integration of TiO2 nanostructures
ith polymeric substrates or temperature-sensitive devices [138].
atsuda and co-workers have demonstrated a facile method to
rystallize various types of oxides, e.g.,  SiO2-TiO2 [139–141] and
iO2 thin ﬁlms [142] by immersion of these oxides in hot water.
he resulting products show superior characteristics, i.e.,  improved
F
o
aethanol/DI water solutions using an Ag/AgCl reference electrode under Air Mass
.5 illumination. Inset: magniﬁcation for as-formed and water treated samples
147]. Reprinted with permission.
hotocatalytic activity, optical properties and wettability. Several
tudies have suggested that the adsorbed-OH species on the pho-
ocatalyst surfaces could stimulate the photocatalytic efﬁciency
143–145].
Wang et al. [146] recently demonstrated a spontaneous phase
nd structure transformation of TiO2 nanotube arrays by water
reatment at room temperature. Water treatment for 15 h induced
he formation of ﬁne particles with particle size of ∼10 nm on
op of nanotube arrays. After 25 h, number of particles increased
ith increasing exposure time while some particles emerged on
he nanotube walls. Well-crystallized TiO2 nanotube arrays with
igh speciﬁc surface area up to 203.3 m2 g−1 were obtained after
reatment for 72 h. The photovoltaic and photoelectrochemical
erformances of water-treated TiO2 nanotube arrays were inves-
igated in comparison to amorphous, thermally annealed and
ydrothermally treated TiO2 nanotube arrays under Air Mass 1.5
olar irradiation [147] – see Figs. 12 and 13.ig. 13. I–V curves from DSSCs constructed using TiO2 nanotube layers of a length
f  15 m before and after different treatments. Inset: magniﬁcation for as-formed
nd water treated samples [147]. Reprinted with permission.
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ow photovoltaic and photoelectrochemical performances. It is
emarkable that water-treated nanotube arrays exhibit three times
igher dye absorption than amorphous and are comparable to ther-
ally annealed nanotube arrays. Water treatment of TiO2 nanotube
rrays induces some improvement over amorphous nanotubes,
ut still remains insigniﬁcant in comparison to thermal annealing.
hese underline the signiﬁcance of thermal annealing on the pho-
ovoltaic and photoelectrochemical performances [147]. Lin et al.
148] later enhanced the photovoltaic performance of DSSC by
ncorporating water treatment for 1–3 days and thermal anneal-
ng. Speciﬁc surface area of TiO2 nanotube arrays increased from
0.2 m2 g−1 to 39.9 and 42.7 m2 g−1 after water treatment for 2
nd 3 days. Rough surface of nanotube-nanoparticle composite
tructure could absorb larger amount of dye, thus enhancing pho-
ovoltaic performance [148].
Alternatively, water treatment at mediocre temperature
ca. 70–92 ◦C) has been suggested as an effective approach to
rystallize TiO2 nanotube arrays [149,150]. Water treatment at
ediocre temperature induced the rapid formation of anatase
rystallites. The crystal structures in TiO2 are built up of TiO62−
ctahedra which share corners and edges in different manners
146,149]. The crystallization of anatase TiO2 in the presence of
ater is related to two mechanisms; 1) solid-state mechanism
nd 2) dissolution precipitation mechanism [151]. The exposure of
morphous nanotube arrays to water induced the rearrangement
f TiO62− octahedra by bridging between surface OH groups of
ifferent octahedral units, thereby resulting in the formation of
natase crystallites by dehydration. Rapid hydrolyzation in the
resence of water could generate the defect sites in the TiO2 struc-
ure and thus promoted phase transformation [152]. The structural
ransformation from nanotubes to nanotube–nanoparticle com-
osite structure in hot-water treated nanotube arrays signiﬁcantly
ncreases speciﬁc surface area of approximately 4 times as com-
ared to that of thermal annealed nanotube. Furthermore, hot
ater treatment induces the OH adsorption on the nanotubes’ sur-
ace [150]. These factors signiﬁcantly contribute to the improved
hotocatalytic efﬁciency by instantaneous reaction at the surface
f nanotubes as shown in Fig. 14.
. TiO2 nanotube arrays as photoanodes
PEC [5] and DSSC [6] have been developed by integration of
anoparticulate TiO2 ﬁlm as photoanode. The performance of these
evices is, however, restricted by random pathway of charges
nd trapping/detrapping of photogenerate e− through nanopar-
icle network [43,153]. Highly ordered TiO2 nanotube arrays is a
romising candidate to overcome these drawbacks as they offer
arge surface area with vectorial charge transport [14,18].
.1. Photoelectrochemical cells
Park et al. [21] examined the signiﬁcance of structural mor-
hology, i.e.,  TiO2 nanotube and nanoporous, as well as P25
anoparticulate ﬁlm on the photoelectrochemical efﬁciency under
imulated solar irradiation. The photocurrent density (jp) of TiO2
anotube arrays with 2 m long was more than 60% higher than
hat of TiO2 nanoporous with similar thickness. Furthermore, TiO2
anotube arrays exhibited the jp more than 10 times higher than
 15 m nanoparticulate ﬁlm. In addition, Palmas et al. [23] found
hat tubular structure exhibited jp approximately 10 times while
harge carrier density more than 40 times greater than compact
xide ﬁlm. These reveal the signiﬁcance of tubular structure on the
 harvesting and charge transport.
ﬁ
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Structural characteristics, including pore size, wall thickness
nd nanotube length also greatly affect the performance of PEC
nd DSSC. The nanotube arrays with a larger pore size allow better
ight penetration, thus enabling the diffusive transport of photo-
enerated h+ to react with OH− in the electrolyte [48,50,153]. In
ddition, the nanotube arrays with thick walls allow the forma-
ion of a space charge. The potential barriers are created near both
he inner and the outer surfaces of the nanotubes by the bending
f conduction band and valence band. These barriers inhibit the
− transfer into the redox couples in the electrolyte and thus con-
ribute to better photoelectrochemical properties by minimizing e−
oss [153]. In addition, long nanotubes provide large reaction site
etween the photocatalyst and the electrolyte [131], resulting in
he enhancement of photoconversion efﬁciency (). However, the
anotube arrays with ultra-long nanotube lengths and very high
spect ratios did not fully absorb h, and thus induced the recom-
ination of the charge carriers [46,57]. We  demonstrated hydrogen
eneration under Air Mass 1.5 simulated solar irradiation using
-doped TiO2 nanotube arrays with different structural character-
stics as photoanodes. TiO2 nanotube arrays with a nanotube length
f ∼19.5 m,  pore size of ∼103 nm,  wall thickness of ∼17 nm,  and
spect ratio of ∼142.5 exhibited remarkable capability to generate
2 at an evolution rate of up to ∼508.3 L min−1 cm−2 and  of
2.3%. High recombination in long nanotube with 26 m in length
esulted in the reduction of  and volume of evolved H2 [99]. The H2
volution rate and  later increased by improved structure with the
resence of adsorbed-potassium species on the nanotubes through
he addition of KOH into EG electrolyte. TiO2 nanotube arrays
ith improved structural morphologies could efﬁciently generate
ydrogen at an evolution rate up to ∼658.3 L min−1 cm−2 and the
hotoconversion efﬁciency of ∼2.5% (Fig. 15) [64].
.2. Sensitized solar cells based on TiO2 nanotubes
A typical DSSC is assembled with a nanocrystalline TiO2 ﬁlm
overed by a monolayer of dye molecules (N719) on ﬂuorine-
oped tin oxide (FTO) glass, redox electrolyte (I−/I3−), and
latinized-FTO glass counter electrode [6]. Considerable efforts
ave been devoted to develop TiO2 nanotube arrays on FTO
lass and use as photoanode (TiO2/FTO) for front-side illumina-
ion – see Fig. 16a [11,154]. However, the fabrication of TiO2/FTO
nvolves the sputtering of TiO2 ﬁlms on FTO glass, thus lead-
ng to high fabrication cost [11]. TiO2 nanotube arrays on Ti
ubstrate (TiO2/Ti) have later been developed to overcome afore-
entioned problem [155]. TiO2/Ti-based DSSCs require back-side
llumination – see Fig. 16b, which limit the enhancement of
hotovoltaic performance due to the partial light reﬂection of
latinized-counter electrode and high resistance at the metal/oxide
nterface [154,156]. Lei and co-workers [11] found that the
ack-side illumination DSSC with 20.8 m long exhibited the open-
ircuit voltage; Voc = 0.820 mA  cm−2, short-circuit current density;
sc = 13.18 mA cm−2, ﬁll factor; FF = 0.675 and energy conversion
fﬁciency;  = 7.29%, which are relatively lower than those of front-
ide DSSC; Voc = 0.814 mA  cm−2, Jsc = 15.46 mA cm−2, FF = 0.641 and
 = 8.07% (Fig. 17a). Zhu et al. investigated on the transport and
ecombination of the TiO2 nanotube arrays formed on Ti foils
ompared to nanoparticles ﬁlms used in DSSC. Enhanced charge-
ollection efﬁciency in the nanotube photoelectrode with lower
ecombination rate was  observed. At certain thickness, although
he reported photovoltages were comparable, the photocurrent
ensities of the nanotube ﬁlms were higher than nanoparticles
lms indicating higher light harvesting efﬁciencies due to better
ight scattering effects [157].
Structural morphologies of TiO2 nanotube arrays, i.e.,  nano-
ube length and pore size play signiﬁcant roles on the  of DSSCs.
216 A. Matsuda et al. / Journal of Asian Ceramic Societies 1 (2013) 203–219
Fig. 14. Schematic diagram illustrates the photocatalytic reaction of hot water-treated-TiO2 and typical TiO2 photocatalysts [150]. Reprinted with permission.
Fig. 15. (A) jp transient curves and (B)  curves of (a) heat-treated nanotube arrays prepared in EG containing 1 wt% of 1 M KOH under dark condition, and of (b) as-grown
nanotube arrays obtained from the same condition under illumination, as well as of heat-treated nanotube arrays prepared in EG containing 0.5 wt% of NH4F and (c) 1 wt%
of  H2O, and 1 wt%  of KOH with (d) 0.5 M,  (e) 1.0 M and (f) 1.5 M under AM 1.5 irradiation [64]. Reprinted with permission.
Fig. 16. Schematic diagrams of (a) front-side and (b) back-side illumination modes DSSCs using TiO2 nanotube arrays.
F
c
ig. 17. (a) Comparison of I–V curves of TiO2 nanotube arrays-based DSSCs in front-side a
onstructed using TiO2 nanotube arrays with various lengths [11]. Reprinted with permisnd back-side illumination modes, and (b) I–V curves of front-side irradiation DSSCs
sion.
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ong nanotube arrays with large pore size could harvest larger
mount of dye adsorption [153], thus increasing photovoltaic
erformance, i.e.,  Jsc and  [19,41,155]. Higher concentration of
dsorbed-dye resulted in higher incident-to-photon conversion
fﬁciency: IPCE [158]. The increase in the internal resistance of
he cell with thick oxide, however, resulted in the decrease of
oc and FF [159,160]. Furthermore, the increase in surface area
rovided additional charge-recombination sites and thus low-
red the Voc. Lei et al. [11] investigated inﬂuence of nanotube
ength on the photovoltaic performance of front-side illumina-
ion DSSCs under Air Mass 1.5 solar irradiation (Fig. 17b). The
ighest  of 8.07% was achieved for a 20.8 m length TiO2 nano-
ube arrays, with Voc = 0.814 mA  cm−2, Jsc = 15.46 mA  cm−2 and
F = 0.64. Shankar et al. [41] evaluated photovoltaic performance
ut of 30 back-side illumination DSSCs using TiO2 nanotube array
lectrodes with different nanotube lengths, and found that nano-
ube arrays with 20 m long exhibited highest performance with
oc = 0.817 mA  cm−2, Jsc = 12.72 mA  cm−2, FF = 0.663 and  = 6.89%.
hese observations underline the signiﬁcance of structural mor-
hologies of nanotube arrays and illumination mode on the
hotovoltaic performances. In addition, treatment of TiO2 nano-
ube arrays by TiCl4 appears as an alternative approach to improve
hotovoltaic performance of DSSCs. Larger surface area of TiCl4-
reated TiO2 nanotube arrays could efﬁciently yield larger amount
f dye adsorption, thereby enhancing photovoltaic performance
f DSSCs [11,155,161]. Chen and co-workers [19] found that the
reatment of TiO2 nanotube arrays with 18 m long in 0.2 M TiCl4
t 50 ◦C for 1 h resulted in the signiﬁcant enhancement of  for
ack-side DSSCs almost two times under AM 1.5 irradiation.
Due to the limitation of efﬁcient sunlight absorption within
he visible region, TiO2 nanotubes arrays are combined with dye
olecules or narrow band-gap semiconductor in order to extend
he absorption range. Semiconductor QDs with high optical charac-
eristics and higher stability over time can serve as an alternative
or organic dyes. Various semiconductor QDs have been used to
ensitize TiO2 such as CdSe and CdTe [162]. Gao et al. demonstrated
he incorporation of presynthesized CdTe QDs into TiO2 nanotube
lms which resulted with signiﬁcant extension of TiO2 nanotube
hoton response. Under AM 1.5 G illumination, the photocurrent of
he CdTe QDs-sensitized ﬁlm presented a 35 times increment from
.17 to 6 mA/cm2. Although the photoresponse can be ﬁne-tuned
y controlling the size of the CdTe QDs, the results underline the
otential of TiO2 nanotube to be applied in QDs-DSSCs [163].
The highly ordered TiO2 nanotube arrays offer an excellent per-
endicular pore channel for nanoarchitecture ﬁlling of solid state
ole transfer materials to form heterojunctions which could lead
o enhance solar light harvesting in visible region. Various het-
rojunctions based on TiO2 nanotube arrays have been reported
uch as CdS/TiO2 [163], CdTe/TiO2 [164] and TiO2-SrTiO3 [165].
ao and co-worker demonstrated the formation of heterojunc-
ion CdS/TiO2 photoanode by close space sublimation technique
o sensitize the CdS nanoparticles onto the TiO2 nanotube arrays
nd reported an enhanced photoactivity increment by the factor
f 36 compared to plain TiO2 nanotube arrays under AM 1.5 solar
rradiation [163]. Meanwhile, Seabold and co-workers developed
 new technique to form CdTe/TiO2 heterojunctions by dipping
nd cathodic deposition of CdTe into the TiO2 nanotube. This tech-
ique allows full utilization of TiO2 nanotubes internal surface
rea to create a more intimate CdTe/TiO2 heterojunctions which
an increase the light penetration signiﬁcantly without increasing
he amount of deposited CdTe. This resulted in the formation of
hree-dimensional organized CdTe/TiO2 organized structure with
mproved photocurrent generation and photostability compared
o a two dimensional CdTe layer deposited directly on a con-
ucting substrate [164]. By using hydrothermal method, Zhangmic Societies 1 (2013) 203–219 217
nd co-workers demonstrated the feasibility of heterostructures
iO2-SrTiO3 on anodized TiO2 nanotube arrays with controlled
ubstitution of Sr. The nano-composite structure of TiO2-SrTiO3
btained after 1 h of hydrothermal treatment in water containing
r2+ exhibited an increase of nearly two times in the external quan-
um efﬁciency at 360 nm which is beneﬁcial for nanocomposite
orks leading to higher performance of solar cells [165].
. Conclusions
Photoelectrochemical water splitting and dye-sensitized solar
ell assembled with TiO2 photoanodes have gained much inter-
st for solving energy and environment issues by converting solar
nergy into hydrogen fuel and electricity. The keys factors to
ncrease the efﬁciency of TiO2 photoanodes are (1) increase the
urface area by controlling structural morphologies, (2) minimize
he recombination of photogenerated e−/h+ by rapid charge sepa-
ation, and (3) to extend the light absorption to visible-light region
y modifying band gap energy. This paper provided comprehensive
eview on the formation of TiO2 nanotube arrays via anodization
n aqueous and organic electrolytes under different anodization
arameters. The anodization in ﬂuoridenated-ethylene glycol with
mall amount of water addition allowed the rapid-growth of high-
spect ratio TiO2 nanotube arrays. This review includes some
ractical strategies to harvest visible-light irradiation, such as noble
etal loading, metal ion doping, nonmetal doping, composite semi-
onductors and sensitization. The inﬂuences of heat treatment
rocess on the crystal structure as well as the performance of PECs
nd DSSCs have been extensively discussed. The ﬁnal part provided
 critical review on the inﬂuence of structural morphologies of
iO2 nanotube arrays on the performance of photoelectrochemi-
al water splitting, sensitized solar cells based on TiO2 nanotubes
nd recent works involving TiO2 nanotubes heterojunctions.
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